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Harnessing low energy photons is of paramount importance for multi-junction high efficiency solar cells as well as for 
thermo-photovoltaic applications. However, semiconductor absorbers with bandgap lower than 0.8 eV have been limited 
to III-V (InGaAs) or IV (Ge) semiconductors that are characterized by high manufacturing costs and complicated lattice 
matching requirements in their growth and integration with the higher bandgap cells. Here, we have developed solution 
processed low bandgap photovoltaic devices based on PbS colloidal quantum dots (CQDs) with a bandgap of 0.7 eV suited 
for both thermo-photovoltaic as well as low energy solar photon harvesting. By matching the spectral response of those 
cells to that of the infrared solar spectrum, we report a record high short circuit current (JSC) of 37 mA/cm2 under full solar 
spectrum and 5.5 mA/cm2 when placed at the back of a silicon wafer resulting in power conversion efficiencies (PCE) of 6.4 
% and 0.7 % respectively. Moreover, the device reached an above bandgap PCE of ~6 % as a thermo-photovoltaic cell 
recorded under a 1000 °C  blackbody radiator. 
 
Introduction 
The development of infrared photovoltaics is of paramount 
importance for reaching high efficiency solar cells. Multi-
junction solar cells comprising a stack of two or more solar 
absorbers with varied bandgaps on top of each other have been 
extensively explored as an effective way to surpass the single 
junction cell Shockley-Queisser efficiency limit.1, 2 Theoretical 
calculations have shown that absorbers with low bandgap 
around 0.7 eV for the rear subcells are required, in combination 
with front-cell absorbers of 1.16 eV and 1.86 eV bandgap in a 
triple junction cell, to reach efficiency above 49 % under one sun 
conditions.1 In addition to that and beyond solar harnessing, 
low bandgap semiconductors (0.5 eV-0.74 eV) can be used in 
thermo-photovoltaic (TPV) applications to harness thermal 
energy or facilitate waste heat recovery.3-6 However, the 
availability of low bandgap semiconductors is limited especially 
taking into account cost considerations. Potential candidates, 
considered hitherto, as low bandgap absorber materials are 
GaSb (0.73 eV), 7-9 Ge (0.67 eV), 10, 11 InGaAs (0.36-0.75 eV), 10, 
12, 13, InGaAsSb (0.5-0.6 eV).3, 14 Yet the growth of these 
materials often requires costly high ultra-high vacuum facilities 
and lattice matched substrates. Figure 1a (left axis) plots the 
solar power spectrum. It is evident that most of the standard 
technologies at hand (such as perovskites, polymer and Si solar 
cells) are capable of harnessing only a portion of it typically up 
to 1100 nm (marked in blue line). However, as shown by the 
integrated JSC curve of Figure 1a (right axis) overlaid with the 
most commonly used technologies currently in place, a 
significant number of photons are available for harnessing 
beyond their absorption edge. Colloidal quantum dots (CQD) 
offer the advantages of low-cost, solution processability, wide 
range bandgap tunability, and therefore present an excellent 
candidate for low band gap absorbers.15-17 Figure 1b illustrates 
the expected additional current that could be gained when 
using a PbS CQD solar cell in a 4-terminal tandem configuration 
with some representative available technologies of different 
bandgaps, as function of the PbS CQD bandgap (1.28, 0.97 and 
0.76 eV). The expected additional current was calculated by 
using optical modeling based on transfer matrix method 
(TMM).18-20 The device structure used in the simulation is as 
follows: ITO (80 nm)/ZnO (40 nm)/PbS (100-600 nm)/Au (80 
nm). Refractive index n and extinction coefficient k of different 
layers used in the simulation were measured by a spectroscopic 
ellipsometer. The optimized PbS active layer thickness was 
determined by the maximum JSC obtained from the TMM 
simulation, leading to the corresponding optimized EQE curve. 
The corresponding EQE curves of the 1.28, 0.97 and 0.76 eV PbS 
CQDs are plotted in Figure S1. Figure 1c further plots the 
additional power points that could then be reached considering 
VOC and FF values typically reported for PbS CQD solar cells.21, 22 
(VOC values of 0.7 V, 0.41 V and 0.31 V were assumed for the 
1.28 eV, 0.97 eV and 0.76 eV bandgap PbS  
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 CQD solar cells, respectively and a FF value of 60 % was assumed 
for all the devices.) An additional PCE of 5.5 % and 3.5 % could 
be achieved by simply placing 1.28 eV PbS CQDs solar cell at the 
back of a typical polymer and perovskite cell. The importance of 
SWIR PbS CQD cells is outlined when considering front cells of 
lower bandgap such as Silicon or CIGS based cells. In the case of 
Si, for example, an extra 1.1 % could be gained by using a 0.7 eV 
bandgap PbS CQD cell mounted at the back in a 4-terminal 
configuration. 
 Thus far, PbS CQD solar cells with an optimal bandgap for a 
single junction cell23 of 1.3 eV have been extensively studied 
with efficiencies as high as 12 % been reported recently.23-25 
However, high efficiency low bandgap PbS(e) CQDs solar cells 
have been scarcely reported26 with the best efficiency reported 
so far of 5.08 % by Wang et al using ZnO nanowires as the 
electron acceptor.27 Here we report a planar low bandgap PbS 
CQD photovoltaic device with optimized electron acceptor and 
electron blocking layers that has reached a record high JSC of 37 
mA/cm2 under full solar spectrum and power conversion 
efficiency of 6.4 %. 
Results and discussion  
The 0.7 eV PbS CQDs we used for the devices have been 
synthesized following a previously reported low temperature 
multi-injection method.28, 29 This approach has led to PbS QDs 
with very narrow size dispersion as illustrated by the sharp 
absorption features (FWHM=90nm) in Figure S2a and a size 
dispersion of 8% (Figure S2b, c). The band diagram and device 
structure of the optimized devices are shown in Figure 2a. The 
device employs a chloride doped ZnO (Cl_ZnO) layer on top of 
which a 385 nm thick layer of PbS CQDs treated with a mixed 
ligand of ZnI2/MPA 21, 22 and a thin layer of EDT treated PbS CQDs 
of higher bandgap. In Figure 2b, a cross-sectional FIB SEM image 
of a typical 0.7 eV PbS CQDs solar cell is presented, where a 
layer of Cl_ZnO atop ITO acted as the electron acceptor layer, 
PbS CQDs layer comprised of two parts, one was the ZnI2/MPA 
treated 0.7 eV PbS CQDs layer as the active layer (385 nm), and 
the other is a thin EDT treated PbS CQD layer (around 50 nm) as 
the electron blocking layer, and the device was completed by a 
layer of Au electrode atop the electron blocking layer. The use 
of Cl_ZnO instead of neat ZnO has been instrumental in 
performance improvement in view of the more favorable band 
alignment compared to that of ZnO with the low bandgap PbS 
CQD absorber.24, 30 Table S1 compares the performance of 
devices using ZnO and Cl_ZnO as the electron acceptor. An 
additional important feature has been the selection of the EDT 
blocking layer.31, 32 We have found that the use of a larger 
bandgap PbS CQD further improved the device performance by 
simultaneously increasing JSC, VOC and FF (See Supporting 
Information Figure S3 and Table S2), as a result of suppressed 
surface recombination when a larger PbS bandgap is used 
between the absorber and the metal back electrode. 
In order to maximize the infrared solar harnessing capabilities 
of the device, an additional thickness optimization study of the  
active layer has been employed to tune the Fabry-Perot 
resonance to the solar spectrum band around 1400-1800 
nm, achieving a nice solar spectrum matching profile (Figure 
2c). This resulted in a dramatic EQE enhancement in this 
energy band reaching a value of 60 % at 1620 nm and led to 
a JSC of 37mA/cm2. Device stability is also critical to 
photovoltaic applications. We studied the preliminary 
photostability of these low bandgap PbS QDs by exposing the 
non-encapsulated PbS CQD device in ambient conditions, 
continuously under AM1.5 solar illumination during the JV 
measurements. The evolution of the device performance as 
a function of time is shown in Figure S4a. Device 
performance progressively improves at the first hour due to 
the light soaking of the Cl_ZnO layer, and is stabilized for the 
next hour under continuous AM1.5 solar illumination. To 
further demonstrate the air stability of the devices, device 
performance was monitored during 90 days as a long term 
material stability test shown in Figure S4b. VOC remains 
constant for the whole test time, while JSC and FF slightly 
decrease with time in the first 17 days and finally stabilize, 
leading to slightly decreased PCE from 6.4% to 6.2%. Overall 
the solar cell performance retains 97% of its initial PCE after 
storage in ambient air without any device encapsulation for 
90 days. The use of the back heterojunction between 
ZnI2/MPA and EDT treated QDs may have led to this stability 
as the charge separation interface has been moved from a 
metal/CQD interface to a buried QD/QD interface. 
 To evaluate the potential of this optimized device as a 
subcell to harvest the NIR and SWIR parts of the solar 
spectrum in combination with other established PV 
technologies, we have measured the performance of the 
best solar matching cell by using a methyl ammonium lead 
iodide (MAPbI3) perovskite filter and an intrinsic double 
polished 500 m Si wafer between the device and the AM1.5 
solar simulator. The device performance with and without 
optical filtering is summarized in Table 1. The infrared PV 
device can deliver an additional JSC of 5.5 mA/cm2 when 
placed atop a polished 500 m Si wafer and 13 mA/cm2 
when placed atop a 300 nm thick perovskite film, leading to 
an additional PCE of 0.71 % and 2 %, respectively. These 
experimentally achieved values of JSC are in very good 
agreement with the theoretically predicted values from 
optical simulations shown in Figure 2d, as a function of the 
PbS CQD active layer thickness. 
 
Table 1. Device performance summary under AM1.5G solar 
simulator, perovskite filter and Si filter. 
Varied filters VOC 
[V] 
JSC 
[mA/cm2] 
FF 
[%] 
PCE 
[%] 
AM1.5 G (no filter) 0.31 37.01 56 6.39 
Perovskite filter 0.27 13.33 56 2.00 
Si filter 0.23 5.50 56 0.71 
Figure 2(a) The energy level diagram of the PbS QDs solar cell referenced to the vacuum level, (detailed UPS data shown in Figure S3) (b) 
FIB cross section image of the typical device structure, (c) the AM1.5 spectrum plotted with the EQE of the SWIR PbS CQD solar cell; (d) 
Simulated JSC generated in the 0.7 eV PbS CQD solar cell as a function of the active layer thicknesses, when it forms a mimic 4 terminal 
tandem cells in combination with a subcell of perovskite (800 nm) or Si (1100 nm). (The blue curve corresponds to perovskite filter and 
the red one to Si filter).
Table 2. Thermo-photovoltaic performance under a black body source at varied temperature. The above band gap PCE were calculated 
based on the available incident power, indicated as above band gap power density (integrated from 100-1800 nm). 
Black body 
temperature (°C) 
VOC 
[V] 
JSC 
[mA/cm2] 
FF 
[%] 
Above band gap power 
density [mW/cm2] 
Above band gap 
PCE [%] 
600 0.15 0.58 50 1.5 2.90 
800 0.22 4.02 55 10.16 4.79 
1000 0.27 16.13 55 40.15 5.97 
 
In view of the device’s spectral coverage down to 0.7 eV with 
EQE up to 60 % at these energies in Figure 3a left axis, we 
posited that a decent performance is within reach when the 
cell is used to harness infrared energy as a TPV device. We 
have tested our device under a black body source at 600, 800 
and 1000 °C. The corresponding spectral radiation intensity 
in Figure 3a right axis is calculated by using the Plank’s 
equation together with the measured value of the radiation 
power density received by the device. The total radiation 
power density impinging on the device was measured via a 
calibrated power meter PM200 (Thorlabs), and the above 
band gap power density at a certain temperature for the 0.7 
eV bandgap PbS CQD device was integrated in the range of 
100-1800 nm (Table 2). JV curves of the device under a black 
body source at various temperatures are shown in Figure 3b 
and their corresponding TPV performance is summarized in 
Table 2. The above band gap PCEs of 2.9 %, 4.8 % and 5.97 % 
were calculated based on the available incident above band 
gap photon energy (100-1800 nm) of 1.5, 10.16 and 40.15 
mW/cm2 respectively, corresponding to the black body 
source at 600, 800 and 1000 °C. The PCE of 4.8 % at 800 °C is 
notably higher than previously reported values of 2.7 % and 
constitutes a record performance for a solution processed 
TPV device.33  
Conclusions 
In summary, we have demonstrated that a highly efficient 
solution processed low bandgap photovoltaic device based 
on 0.7 eV bandgap PbS CQDs with a JSC of 37 mA/cm2 under 
full solar spectrum has been reached by optimizing the 
device structure, and 5.5 mA/cm2 is achieved when the 
device placed at the back of a silicon wafer, resulting in PCE 
of 6.4 % and 0.7 % respectively. Moreover, this device has 
shown potential for thermal harvesting applications with an 
above bandgap PCE of ~6 % when operated as a thermo-
photovoltaic cell under a 1000 oC blackbody radiator. 
Experimental 
Device characterization: The current density- voltage (J-V) 
measurements were carried out using a Keithley 2400 source 
under AM1.5 illuminations (Oriel sol 3A, Newport Corporation). 
The accuracy of the measurements was determined as ±4 %. EQE 
spectra were recorded with a lock-in amplifier (Stanford Research 
System SR830) under chopped monochromatic light generated by 
white light source from a xenon lamp passing through a Newport 
Cornerstone 260 monochromator. The output power was 
calibrated with Newport 818-UV and Newport 838-IR 
photodetectors. All the devices were characterized in air under 
ambient conditions. 
UPS measurements: UPS spectra of the PbS CQDs films were 
measured on ITO glass substrate. UPS measurements were 
performed with a SPECS PHOIBOS 150 hemispherical analyzer 
(SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions 
(10–10 mbar). UPS measurements with monochromatic HeI UV 
source (21.2 eV). 
Optical simulations: The optical simulation is based on the 
transfer matrix method. By keeping the thicknesses of other 
Figure 3 (a) Left axis: EQE curve of the best 0.7 eV PbS CQD solar cell; right axis: spectral radiation intensity for a black body source 
at 600, 800 and 1000 °C, calculated based on the Plank’s equation and measured incident power density; (b) JV curves measured 
using the corresponding black body source as the illuminator. 
layers intact, except for the active layer thickness, JSC is generated 
with the variation of the active layer thickness.  
Black body source: IR-508/301 Blackbody reference source from 
Infrared system development was used and the temperature was 
set to be 600, 800 and 1000 °C. The radiation power densities 
received by the device at each radiation temperature were 
measured to be 74.87, 166.54 and 326.46 mW/cm2 via a Thorlabs 
PM200 power meter through an aperture with diameter of 2 mm 
at the position of the device. The detective range of the power 
meter is 0.2-10.6 m. 
TPV performance measurements: The J-V measurements were 
carried out using a Keithley 2400 source under the IR-508/301 
Blackbody source at 600, 800 and 1000 °C. The corresponding 
above bandgap power densities of 1.5, 10.16 and 40.15 mW/cm2 
were obtained by integrating the blackbody spectral radiation 
density profile from 100 to 1800 nm taking into account of the 
total power above-mentioned. 
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